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Abstract. Wepresentasearchfor theproductionof excitedor exotic muons(µ
�
) via thereactionp̄

�
p � µ

� � µ � µγ � µ
using371 pb� 1 of datacollectedwith the Run II CDF detector. In this signature-basedsearch,we look for a resonancein
theµγ massspectrum.Thedataarecomparedto standardmodelanddetectorbackgroundexpectations,andwith predictions
of excited muonproduction.We usethesecomparisonsto set limits on the µ

�
massandcompositenessscaleΛ in contact

interactionandgauge-mediatedmodels.
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INTRODUCTION

In thestandardmodel(SM), quarksandleptonsareconsideredfundamentalparticles.An indicationthatquarksand
leptonsarecompositeparticleswould be theobservationof their excitedstates[1]. Additionally, whenthe standard
model is embeddedin larger symmetrygroups,exotic fermionsare predicted[2]. We searchfor singly produced
excitedandexotic muonswherethe µ � decaysin the µγ channel,resultingin a µµγ final statesignature.The µµγ
signalis fully-reconstructiblewith low backgroundexpectation.

EXCITED AND EXOTIC MUON MODELS

We considertwo modelsfor excited and exotic muon production:a contactinteraction(CI) model and a gauge
mediated(GM) model.In theCI model,excitedmuonproductionis describedby a four-fermionLagrangeanof quarks
to excitedandSM muons[1]. TheCI crosssectionsdependon the µ � massMµ � andcompositenessscaleΛ. TheCI
processis modeledby PYTHIA [3]. Theproductionof µ � in theGM modelis describedby its couplingto gaugebosons
[4]. TheGM crosssectionsdependonMµ � and f 	 Λ, where f is aphenomenologicalcouplingconstant.Theprograms
LANHEP [5] andCOMPHEP [6] areusedto calculateleadingorderGM crosssectionsandgenerateGM events.For
bothmodels,theµ � decaysareprescribedby theGM Lagrangean[7].

DATASET AND SIGNAL SELECTION

We use371 pb
 1 of datacollectedwith the high pT muontrigger at CDF from February2002throughSeptember
2004.We searchfor eventsconsistingof two muonsandaphoton.Theisolatedmuonsmusthave pT � 20 GeV/c and
belocatedin thecentralportionof thedetector( �η �� 1), with at leastonedetectedin themuonchamber. Muonsare
identifiedby theirminimum-ionizingparticleproperties.TheisolatedphotonmusthaveET � 25GeV, canbelocated
in thecentralor forwardregion,andis identifiedby its electromagneticshowerproperties.In addition,wevetoevents
with 81  Mµµ  101GeV/c2, to removeeventsproducedby initial-stateradiation(ISR) p � p̄ � Z � γ.

TOTAL SIGNAL ACCEPTANCE

The total signal acceptanceis measuredusing the GEANT[8]-basedCDF detectorsimulation.The CI total signal
acceptanceincreasesfrom 13%at Mµ ��� 100GeV/c2 to anasymptoticvalueof 21%for Mµ � � 400GeV/c2. For the
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FIGURE 1. Backgroundpredictionsanddataobservationsfor Mµγ (a) andMµµγ (b).
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FIGURE 2. Backgroundpredictionsanddataobservationsfor photonET .

GM model,thetotal signalacceptanceincreasesfrom 12%at Mµ �/� 100GeV/c2 to 23%for Mµ � � 300GeV/c2.

BACKGROUND ESTIMATES AND DATA OBSERVATIONS

The µµγ signaturecan be producedby several standardmodel and detectorsources:(1) Z 	 γ �10 � µµ 23� γ; (2)
Z 	 γ �10 � ττ 24� γ; (3) Z 0 � µµ 24� jet, whereajet ismisreconstructedasaphoton;(4) t � t̄ � µνµνbb, whereafermion
radiatesahig-ET photon;(5) W 0 � eν 25� Z 0 � µµ 2 andZ 0 � ee 26� Z 0 � µµ 2 , whereanelectronis misidentifiedasa
photon.TheprimarybackgroundZ 	 γ �10 � µµ 27� γ is modeledusingthe ZGAMMA program[9]. TheZ 0 � µµ 25� jet
is estimatedusingdata.Thetotal backgroundpredictionis 8 8 3 9 0 8 9 events(168 6 9 1 8 8 µγ combinations).In our ISR
Z � γ controlregion,81  Mµµ  101GeV/c2 andEγ

T
 50GeV, wepredict7 8 4: 1 ; 2


 0 ; 8 andobserve5 events.
In the signal region, we observe 17 eventswith a backgroundpredictionof 8 8 3 9 0 8 9 events.The background

predictionand dataare shown as a function of Mµγ in Figure 1(a). Several studieswere doneto understandthe
observed excess.The Z � µµγ background,wherethe γ is producedvia final-stateradiation(FSR), is definedby
81  Mµµγ  101 GeV/c2. In this region, we observe 11 eventswith a predictionof 5 8 5 9 0 8 5 events,asshown in
Figure 1(b). As a check,we lower the ET cut to 15 GeV and observe 43 events,with a predictionof 388 5 9 4 8 0
events,asshown in Figure2. Thesestudiesindicatethattheexcessat low massis consistentwith anupwardstatistical
fluctuation,primarily in Z � µµγ FSR.Thereis no excessat highmassto indicatenew physicalprocesses.

Mµ
� LIMITS AND EXCLUSION REGIONS

A Bayesianapproachis usedto obtaintheupperlimits on theexperimentalcrosssectionat the95%confidencelevel
(C.L.). For Mµ �<� Λ (Mµ �<� Λ 	 f ) in the CI (GM) model,massesbelow 853 GeV/c2 (221 GeV/c2) areexcluded,
asshown in Figure3. Becausethe GM exotic muoncrosssectiondependson both Mµ � and f 	 Λ, we plot the two-
dimensionalf 	 Λ = Mµ � exclusionregion in Figure4(a).TheexcitedmuonCI modelis valid for Mµ � 	 Λ  1; we plot
theCI exclusionregion in theMµ � 	 Λ = Mµ � planein 4(b).
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FIGURE 3. Masslimits for Mµ DFE Λ (Mµ DGE Λ H f ) in theCI (GM) model.
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FIGURE 4. Exclusionsregionsfor theGM (a) andCI (b) models.Also shown in (a) aretheregionsexcludedby theOPAL and
DELPHI experimentsfor theGM model[10].

CONCLUSION

We have presenteda searchfor excited andexotic muonsin the µγ channel.No evidenceof a µ � signal is found.
Limits ontheexcitedmuonmassareestablishedbasedonacontactinteractionandagauge-mediatedmodel,thelatter
of which arethefirst limits ata hadroncollider.
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